Ultra-fine grained pure copper fabricated by equal-channel angular pressing was used as a sample. We made tensile-shear tests using specimens with notches cut from the sample and large shear deformation occurred between the notches. Microstructural changes between the notches caused by the large shear deformation were observed. Using micro scale lattices scribed on the surface of the specimen, we found both refinement and coarsening of grains caused by the large shear deformation. Although severe plastic deformation causes ultra-fine grained structure, it is known there is a limit of the grain refinement. The grain coarsening observed in the present study is considered to be the reason of the limit of the grain refinement caused by severe plastic deformation.
Introduction
Severe plastic deformation (SPD) is a method of grainrefinement processing that enhances strength by work hardening and grain refining. Accumulative roll bonding (ARB), equal-channel angular pressing (ECAP), and highpressure torsion (HPT) are each an SPD method. 13 ) SPD methods enable fabrication of ultra-fine grained (UFG) materials with grain sizes of <1 µm. With work hardening and grain refinement strengthening by SPD, a previous report 4) showed a yield stress of UFG pure Cu reaching approximately 400 MPa, four times higher than the yield stress of coarse-grained Cu. 4) Because the cross-sectional shape remains constant after ECAP processing, ECAP processes are infinitely repeatable without sample fracture. Although infinite ECAP processing is practicable, grain refinement by ECAP is limited; recent investigations have reported the average grain size minimum of 0.2 µm via SPD methods.
46) It is known that shear bands develop with the deformation of nanoscale-grained materials 7) and a previous study 8) conducted in situ transmission electron microscopy (TEM) observation of shear bands before and after deformation. A similar study reported grain coarsening by the motion of high-angle grain boundaries (HAGBs) under large shear deformation of a tensile specimen with two holes. 9) Although the coarsening of grains surrounded by HAGBs has been observed, the graincoarsening processes and the reason for the grain-refinement limitation have not yet been clarified because the observation area is several square micrometers in size in thin-film samples. 8, 9) In this study, to elucidate the processes of grain coarsening and grain refinement limitation, scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) observations of bulk UFG pure Cu were used to evaluate the microstructural changes before and after large shear deformation at room temperature. The SEM/EBSD techniques enable observation of the same region with a size of dozens of square-micrometers region before and after deformation. In the tensile test of a dog-bone type UFG specimen, the deformation is concentrated in a narrow region early in testing, which induces specimen fracture without large elongation. 10) In order to observe microstructural changes after large deformation without occurrence of necking early in tensile testing, this study performs tensileshear testing with a specially designed specimen. By SEM/ EBSD analysis of the same region before and after large shear deformation, we have obtained interesting experimental results to discuss the grain-refinement limitation by SPD. Details of the results will be reported in this paper.
Experimental Procedure

Sample preparation
Pure Cu (99.99%) rods of 10 mm in diameter and 60 mm in length were fabricated by the ECAP technique. Before ECAP, the pure Cu rods were washed with dilute nitric acid and annealed at 873 K for 3.6 ks to obtain homogeneously recrystallized microstructures. The rods were subjected to eight ECAP passes under route Bc (rotation by 90°in each pass). After ECAP deformation, the grain size was¯1 µm. Tensile specimens were cut with cross-sectional areas of 0.7 © 4 mm and the gauge length of 0.7 mm from the processed rods along the ECAP extrusion direction by electric discharge machining. UFG materials easily experience shear banding along the shear direction of the final ECAP processing; 11) the specimen was added notches as shown in Fig. 1(a) with the aim of controlling deformation concentration and occurring large shear deformation without specimen fracture. An enlarged view of the notch is shown in Fig. 1(b) .
In order to compare quantitatively the amount of deformation and a criterion in the same region before and after deformation, square lattices were scribed on the specimen surfaces by focused ion beam (FIB) technique (JEOL JIB-4500). Figure 1(a) shows the scribed position and Fig. 1(c) shows the shape of the square lattices. The FIB intensity. As shown in Fig. 1(c) , square lattices A, B, C, and D are utilized for obtaining the amounts of deformation and microstructure observations. The amounts of deformation were obtained by changes in coordinates of lattices with four intersection points by the lower right as the origin after deformation.
Tensile-shear tests
Tensile tests were performed at room temperature using a tensile and compressive testing machine (Minebea NMB TG-50kN) with a crosshead speed at 0.5 mm/min (the initial strain rate is 8.3 © 10 ¹4 s
¹1
) under atmospheric pressure. As discussed later, shear bands were generated between the notches by the concentration of large shear deformation under tension.
As the cross-sectional area of the notched specimens differs from that of the dog-bone specimens, it is difficult to evaluate the nominal stressnominal strain curves in the tensile-shear tests of the notched specimens. However, distinguishing the deformation stages of tensile-shear testing with the notched specimens is necessary in this study. Therefore, stressstrain curves were evaluated by the apparent stress · ap and the amount of specimen deformation y. The apparent stress · ap is described by
where F is the tensile-shear testing load and S is the crosssectional area without the influence of notches. The amount of specimen deformation y is described as:
where u c is the crosshead displacement and l 0 is the initial gauge length of the specimen. Figure 2 shows the · ap y curve for the tensile-shear test of the notched specimen. After unloading at y = 0.05, 0.07, and 0.09, microstructural changes were observed.
Microstructure observations
Microstructural changes were observed by field-emission SEM (FE-SEM, JSM-7001F) operated at 15 kV and EBSD with a step size of 0.05 µm before the tensile shear tests and after each unloading stage. We observed the microstructures in the same region before and after tensile-shear tests using the FIB-scribed lattices. In this study, we measured the amount of deformation quantitatively by observing changes shapes of the FIBscribed lattices with SEM before and after tensile shear testing. Figures 3(a) and (b) show SEM images of the FIBscribed lattices before and after the tensile-shear tests. The displacement gradient tensor u i, j was obtained by comparing lattices before and after the tensile-shear tests, assuming that constant deformation was caused in the lattices. Furthermore, as shown in Figs. 3(c) and (d), the displacement gradient tensor u i, j was transformed with the counterclockwise rotation of ª = 090°by coordinates to evaluate the large shear deformation caused between notches. By comparing the components of uA i, j (uA 1,1 , uA 1,2 , uA 2,1 , and uA 2,2 ) in Fig. 3(d) , uA 1,2 is the largest among them for ª = 4050°. Therefore, the values of the components of uA i, j as a function of the amount of deformation y for ª = 45°are summarized in Table 1 . Accordingly, as shown in Table 1 , the value of uA 1,2 for ª = 45°is the largest among the components of uA i, j , 10 times larger than the other components at all unloading stages of tensile-shear testing. Thus, we confirmed the occurrence of simple shear deformation between the notches by tensileshear testing. Because uA 1,1 , uA 2,1 , and uA 2,2 are very small compared to uA 1,2 , we consider only uA 1,2 for ª = 45°as a deformation amount. Therefore, we define the shear amount £ g as Accordingly, these experimental results of the tensile-shear testing by the specimen of added notches demonstrate successful observation of the same region before and after large shear deformation, which cannot be achieved using general tensile specimens.
3.2 Microstructural evolution in the same region before and after tensile shear tests 3.
Average grain size
In order to characterize the microstructural changes in the same region before and after tensile-shear tests, EBSD was used to measure the grain sizes and misorientation distributions in the FIB latticed region after unloading at y = 0.05, 0.07, and 0.09. By comparing inverse pole figure (IPF) maps with high-angle and low-angle grain boundaries (HAGBs and LAGBs) at each unloading stage, as shown in Fig. 5 , the microstructure is observed to evolve significantly under large shear deformation. LAGBs have angles of 2°to 15°, while HAGBs have angles larger than 15°in this study. Green and red lines in the IPF maps indicate HAGBs and LAGBs, respectively. In addition, the black lines in the IPF maps show the FIB-scribed lattices. Figure 5 shows that the large shear deformation drastically changes the grains and the lattices.
To evaluate grain size changes before and after large shear deformation, the average grain sizes d ave were determined in same regions by Fig. 5 . In investigating the average grain sizes d ave , we determined d H-ave and d L-ave by d H and d L , which are distinguished by regions surrounded with HAGBs and with both HAGBs and LAGBs, respectively. The EBSDobserved regions were the lattices ABCD and lattice D, which had the highest confidence index (CI) value among the lattices A, B, C, and D. Table 1 Values of the components of the displacement gradient tensor u i, j as a function of the amount of deformation y for ª = 45°. being monotonically decreased by large shear deformation. Because we observed increasing the average grain sizes at some unloading stages, the coarsening of grains with large shear deformation develops independent of the misorientation angles of the grain boundaries.
Grain size distribution
Increases in average grain size with shear deformation in the same region indicate the possibility of grain coarsening with large shear deformation. In order to investigate grain coarsening under large shear deformation in more detail, the numbers of grains in lattices ABCD and D at each unloading stage as functions of the grain sizes at d H and d L were determined. Figure 6 Fig. 6(a) . In addition, Fig. 6(b) shows the grain refinement clearly by deformation because the number of grains of 0.30.5 µm in size for d L is increased. Contrary to this, the number of grains of 0.10.3 µm for d L is decreased by deformation. This result as shown in Fig. 6 is different from the prediction that small grains increased monotonically in the case of the occurrence of grain-refinement. In addition to the changes in the average grain sizes as mentioned in section 3.2.1, this experimental results demonstrate grain coarsening as the microstructural changes.
Changes in individual grains 3.3.1 Processes of grain refinement
The changes in the average grain sizes and the number of grains demonstrated that large shear deformation caused both refinement and coarsening for ultrafine grains produced by ECAP. In order to investigate the grain refinement and coarsening in detail, we observed the microstructural changes in grains by comparing the same grains before and after tensile-shear testing. In this subsection, regions surrounded by HAGBs and LAGBs are defined as grains.
By comparing IPF maps in Fig. 5 , we identified the same grains before and after tensile-shear testing based on their shapes, orientations and positional relationships, and observed the changes caused by deformation. We show the examples of grain-refinement processing in Fig. 7 . Figures 7(a) and (b) show respectively the grain "a" at £ g = 0 before the grain refinement and the two grains "b" and "c" at £ g = 0.39 after the grain refinement. As shown in Figs. 7(c) and (d), in order to measure the misorientation angles of grains "a" and "bc" in the same regions, which are as identical as possible, before and after deformation, the misorientation angle is measured by line scanning along the black lines drawn between the triple junctions shown in Figs. 7(a) and (b) . Line scanning of the misorientation was performed by two methods; one was the measurement of the misorientation between adjacent points (point to point), while the other was the measurement of the misorientation using the point on the left end as the origin (point to origin). Specifically, the method of the point-to-point measurement investigates the existence of grain boundaries, while that of point-to-origin measurement investigates the misorientation angles within grains.
Figures 7(a) and (b) show that a new LAGB is formed at the point indicated by the arrow in Fig. 7(b) ; grain "a" is refined to grains "b" and "c". For grain "a" before large shear deformation, Fig. 7(c) shows that a low misorientation angle is measured inside the grain; all point-to-point measured misorientation angles are <1°and the maximum misorientation angle inside grain "a" is approximately 3°. These measurement results show that nonexistence of grain boundaries and the few misorientation angles inside grain "a". Unlike grain "a", grains "b" and "c" after large shear deformation show expanded misorientation angles inside the grains in Fig. 7(d) and the maximum misorientation angle inside grain "a" is 17.2°. The misorientation angle between two adjacent points as indicated by the arrow in Fig. 7(d) is 14.0°, which show the LAGB indicated by the arrow in Fig. 7(b) . Thus, grain "a" is refined to grains "b" and "c" with relatively large misorientation by the large shear deformation. This refinement of grain "a", as shown in Fig. 7 , arises from grain subdivision. 1214) In this study, large shear deformation induced grain refinement for d > 0.5 µm; however, large shear deformation did not refine grains of d < 0.5 µm. By combining these results with the discussion in Section 3.2.2, we conclude that the grain sizes affect grain refinement by grain subdivision as follows:
( (2) Because grains of d < 0.5 µm rarely have multiple dislocation sources, orientation changes in the grains are suppressed and refinement of the grains by grain subdivision hardly occurs. 15 ) Hence the refinement of the relatively large grains of d > 0.5 µm contributed to the increase in the number of grains of 0.30.5 µm.
Coarsening of grains surrounded by LAGBs
The process of grain coarsening by the annihilation of LAGBs in grains were observed considering that regions surrounded by HAGBs or LAGBs were grains. In IPF maps of Fig. 5 , we can find the process of grain coarsening by large shear deformation and Fig. 8 shows an example of the process using the same procedure adopted to draw Fig. 7 . In Fig. 8(a) , grains "d" and "e" are those before deformation. Figure 8(b) shows the same region after deformation and grain "d" is that after coarsening of grains "d" and "e" in Fig. 8(a) . Comparison of the IPF maps among Figs. 8(a), (b) , and (c) shows that the LAGB indicated by the arrow in Fig. 8 (a) disappears after deformation in Fig. 8(b) . Thus, grains "d" and "e" are coarsened into grain "d" by the annihilation of the subgrain boundary.
With the line-scanning results in Fig. 8(d) , (e), and (f ), we investigated the changes inside the grains before and after large shear deformation. The point-to-point misorientation indicated by the arrow in Fig. 8(d) is 5.5°, corresponding to the LAGB indicated by the arrow in Fig. 8(a) . After deformation, all point-to-point measured misorientations are <2°in Fig. 8(e) ; however, the point-to-origin misorientation is increased from 8.5°to 16.9°in Fig. 8(d) and (e) by deformation.
Furthermore, after even larger deformation, Figs. 8(c) and (f ) show the indication of LAGBs generation at different positions of the initial LAGB before deformation. Generation of LAGBs in the region surrounded by the circle is observed in Fig. 8(c) , and values of the point-to-point misorientation angles at some points in the region are 1.51.8°as shown in Fig. 8(f ) . The overall misorientation of grain "d" in Fig. 8(c) is 13.0°as shown in Fig. 8(f ) . Figure 8 (e) shows that this value is smaller than the value of the same grain of a lessdeformed state shown in Fig. 8(b) . However, measuring misorientation angles in the whole grains "de" (grain "d" at £ g = 0.39 and 0.67) by area scanning instead of line scanning, we confirmed the increase of the misorientation angle with increasing the amount of deformation and the angle was the largest and 18.0°when £ g = 0.67. With increasing the amount of deformation, shape changes of grains became lager and identification of triple-junction points used as reference points became harder. Then, comparison of the results of line scanning using the reference points becomes difficult and this is the reason why the difference of the misorientation is larger in Fig. 8 (e) than that in Fig. 8(f ) .
Schematics show the process of coarsening for grains "d" and "e" into grain "d" in Fig. 9 . The illustrations in Figs. 9(a) and (b) show that the coarsening of grains "d", and the schematics of the line-scanning results in Figs. 9(c) and (d) show the relationship between the misorientation angle and the distance across the grains. The changes of misorientation angle by plastic deformation show the evolution of the dislocation distribution and density, because plastic deformation is caused by perfect dislocations passing through a grain without changing the misorientation. Thus, as the misorientation itself show the dislocation distribution, the schematic dislocation distribution in the grains is illustrated with the misorientation angles in Figs. 9(c) and (d) . This process of grain coarsening shown in Fig. 9 is explained by the two following steps:
(1) The LAGB in Figs. 9(a) or (c) is the dislocation cell formed by ECAP and the dislocation cell is composed of geometrically necessary dislocations (GNDs). These GNDs are dispersed under large shear deformation and thus LAGB is annihilated.
(2) The dispersion of GNDs increases the dislocation density inside grain "d" as shown in Fig. 9(d) . As a result of the dispersion, LAGB disappeared and grains "de" were coarsened into grain "d" as shown in Fig. 9(b) .
The above-mentioned process of microstructural evolution is one of the factors contributing to the increase in d L-ave under shear deformation, as shown in Table 2 . On the other hand, for grains surrounded by only HAGBs, we cannot explain grain-coarsening by the annihilation of LAGB. The coarsening of grains surrounded by HAGBs is discussed in the next section.
Coarsening of grains surrounded by HAGBs
For grains surrounded by only HAGBs, it is probable that coarsening of the grains occurs under large shear deformation. This is supported by the increase in d H-ave at the initial stage of deformation shown in Table 2 and the increase in the number of grains of approximately 1.0 µm and the change of grain-size distribution before and after deformation shown in Fig. 6(a) . Several studies have reported that deformation causes structural changes of HAGBs in nanometerials at room temperature. 16, 17) Migration of HAGBs during deformation at room temperature and effects of shear stresses on the migration have also been reported. 9) Thus, the increase of d H-ave and the changes of grain-size distribution in Fig. 6 (a) may be understood as the results of coarsening of grains caused by the migration of HAGBs during large shear deformation. However, direct evidence of the coarsening of grains by the migration of HAGBs was not obtained in the present study, since structural changes in the present experimental results were extensive and not enough clear to show the whole process.
Although the processes of microstructural change differ between HAGBs and LAGBs, both phenomena cause grain coarsening after refinement. Thus, we conclude that the processes of HAGB and LAGB evolution by large shear deformation cause both grain refinement and coarsening and thereby cause the limitation in grain refinement by SPD.
Conclusions
In this work, using tensile specimens with notches, we observed the microstructural evolution of Cu, which was fabricated by ECAP eight passes, under large shear deformation between the notches and, micrometer-scale lattices were scribed by FIB in the regions where large shear deformation was expected. By the tensile-shear testing of specimens with added notches and observing the microstructures in the same region before and after deformation, the results are summarized as follows.
(1) By the tensile-shear testing of specimens with added notches, shear bands were formed between notches.
Comparing the FIB-scribed lattices inside and outside the shear band after shear deformation revealed that the amount of shear deformation within the shear band was ten times that outside the shear band. Consequently, we could observe microstructural changes of UFG materials by SEM/EBSD analysis of the same regions before and after large shear deformation, which is unattainable by tensile tests using conventional specimens. (2) We found that the average grain sizes d H-ave and d L-ave in the observed region were increased after several unloading stages. The number of smaller grains within the region was not monotonically increased after large shear deformation. Combined with the previous results, it was concluded that both grain refinement and coarsening by large shear deformation occurred, regardless of the grain boundary characters. (3) By comparing the same grains before and after large shear deformation, we found grain refinement via subdivision and grain coarsening via LAGB dislocation cell annihilation. Additionally, grains surrounded by HAGBs were coarsened under large shear deformation.
In conclusion, this study provided understanding of the limitation of grain refinement by both grain refinement and coarsening within the UFG range regardless of the grain boundary characters under large shear deformation at room temperature. 
